Duplex probes with five base single-stranded overhangs can capture dsDNA targets from type IIS restriction nuclease digests. Ligation generates a predesigned nick site, where DNA polymerase can generate sequencing ladders by strand displacement or nick translation in the presence of trace amounts of dideoxynucleotides. This allows dsDNA targets to be captured from mixtures and directly sequenced without subcloning, purification or denaturation.
In ordinary dsDNA sequencing, a large excess of primer is added to compete with the complementary strand during annealing to the template strand. Data generated from dsDNA templates are usually less effective and less reproducible compared to data obtained from ssDNA templates. Thus, most DNA sequencing uses purified single-stranded targets which require either an additional strand separation step, an asymmetric PCR step, or a single-stranded cloning vector. Avoiding these additional steps would yield a considerable increase in sequencing efficiency. In DNA replication in vivo, DNA polymerase displaces the second strand while proceeding with synthesis at the replication fork. In vitro, strand displacement by DNA polymerase allows isothermal DNA amplification (1) . Here, we demonstrate direct sequencing of dsDNA by strand displacement or nick translation.
Partially double-stranded probes have been used to capture ssDNA targets and to serve as primers in conventional solid state Sanger sequencing as well as sequencing by mass spectrometry (2) (3) (4) (5) (6) . Here these probes are used to capture and sequence dsDNA targets directly. Targets were generated by restriction nuclease digestion followed by dephosphorylation (Fig. 1) . The sequencing probes were formed by annealing two oligonucleotides, one with a 5′-fluorescent label, to produce an 18 bp constant duplex and a 3′ single-stranded overhang complementary to the 3′-end of the target (Fig. 1) . Probes or targets were immobilized on Dynal magnetic beads. Ligation yields a double-stranded product with a single nick at the 3′-end of the 5′-fluorescent labeled probe. Sanger sequencing is performed on the immobilized, ligated fragment using procedures similar to those described previously (7, 8) .
A test of strand displacement sequencing strategy is shown in Figure 1 . Unless stated in the text, all enzymatic reactions employed the manufacturer's protocols. The target was generated by PCR using one biotinylated downstream primer. It was purified and immobilized on streptavidin-coated magnetic beads as described previously (3) . BstXI (Boehringer Mannheim) digestion generated a 370 bp fragment with a 3′-ACAC four-base overhang. The fragment was dephosphorylated by calf intestinal alkaline phosphatase (Promega). The beads were washed twice with TE buffer after each reaction. The partially duplex probe was formed by annealing 5′-FGATGATCCGACGCATCAGCTGTG and 5′-pGCTGATGCGTCGGATCATC resulting in a four base 3′-overhang (5′-TGTG). Beads containing ∼10 pmol target were ligated to 25 pmol probe in a 100 µ1 reaction volume containing 200 U T4 DNA ligase in reaction buffer (New England Biolabs). After incubation at room temperature for 2 h or at 4_C overnight, * To whom correspondence should be addressed. Tel: +1 617 353 8500; Fax: +1 617 353 8501; Email: crc@enga.bu.edu Figure 1 . The beads containing ∼1 pmol probe/target complex were resuspended in a 13 µl volume containing polymerase buffer (New England Biolabs), with or without 2 µl single-stranded DNA binding protein (SSB, 1.28 µg/µl; Amersham). After incubation on ice for 5 min, 5 U Klenow fragment (New England Biolabs) were added. The reaction was split into four termination mixtures (each consists of 1 µl DMSO and 3 µ1 of the appropriate termination mix). The ddATP mix consists of 10 µM dATP, 100 µM dCTP, 100 µM dGTP, 100 µM dTTP and 100 µM ddATP. The ddCTP mix consists of 100 µM dATP, 10 µM dCTP, 100 µM dGTP, 100 µM dTTP and 100 µM ddCTP. The ddGTP mix consists of 100 µM dATP, 100 µM dCTP, 5 µM dGTP, 100 µM dTTP and 120 µM ddGTP. The ddTTP mix consists of 100 µM dATP, 100 µM dCTP, 100 µM dGTP, 5 µM dTTP and 500 µM ddTTP. All termination mixes contain polymerase buffer. The termination mixtures were incubated for 20 min at room temperature; then 2 µl chase solution (0.5 mM of each of the four dNTPs in polymerase buffer) was added to each reaction. After incubation for another 15 min at ambient temperature, the beads were precipitated, and the supernatant removed. The beads were resuspended in 10 µl stop mix (deionized formamide containing Dextran blue 5 mg/ml and 0.1% SDS), heated at 90-95_C for 5 min, and loaded on an ALF DNA sequencer (Pharmacia) with a 6% polyacrylamide gel containing 7 M urea and 0.6× TBE. the beads were washed twice with TE buffer. Each sequencing reaction used beads containing ∼1 pmol of ligation product.
Clear Sanger sequencing ladders were generated by the strand displacement strategy, and only four known bases were required for capturing the target and priming. Figure 2 shows that 180 base sequences could be read with single-stranded DNA binding protein (SSB, Amersham); without SSB only about 50 base sequences could be read. These results suggest that SSB stabilizes the displaced ssDNA which in turn facilitates the progress of the Klenow fragment along the template strand, just as occurs in vivo (9) . All subsequent strand displacement sequencing reactions used 2.5-5 µg SSB per reaction (in a total volume of 10-15 µl).
Sequencing by nick translation was tested with DNA polymerase I, under the same conditions as the Klenow reaction, to produce roughly 200 bases of readable sequences. Sequenase 2.0 also generated about 200 base of readable sequences under the standard sequencing conditions, with more even ladders than Klenow fragment, but somewhat lower strand displacement activity, as revealed by false termination observed in poly (G/C) or (A/T) regions of the target. T4 Gene 32 protein (Amersham) was comparable to SSB when 2.5-5 µg protein were added to each reaction; whereas recA protein (Amersham) did not facilitate strand displacement sequencing. To test the specificity of the strand displacement sequencing, each probe was exposed to a mixtures of dsDNA targets during ligation. The mixture was generated by digesting φX174 DNA (GIBCOL) with the enzyme TspRI (New England Biolabs) and dephosphorylated as described above to produce six fragments with 12 distinctive 3′-nine base overhangs, containing in common the TspRI five-base recognition sequence. The digest was extracted with phenol-chloroform, and desalted with a NAP-5 column (Pharmacia). Ten probes, each containing a 5′-fluorescein or CyS labeled 27mer and a 3′-biotinylated, 5′-phosphorylated 18mer, were chemically synthesized (10) or purchased ( Table 1) . We ignored the 18 bp TspRI fragment. Each probe (25-50 pmol) was immobilized on Dynal streptavidin beads (0.2-0.3 mg) and ligated to 10 µg of targets, followed by strand displacement sequencing with Klenow fragment. Ligation used T4 ligase at 37_C, or to increase the stringency of mismatch discrimination with Tth and Pfu ligase (Stratagene) at elevated temperature. Nine out of 10 probes produced readable sequence of up to 300 bases (Table 1) , usually starting from 30 to 45 nucleotides away from the primer. The estimated error rate for the first 100 bases is <2%. Probe 3 did not generate readable sequence because the ladders it produced were the overlap of sequences from the correct target and from the target of probe 7 which differs by a single nucleotide eight bases away from the ligation site. The discrimination ability of the duplex probes should be markedly increased when their overhang sequence is shortened, so that mixture of targets can be sequenced directly without purification. The read length is likely to depend on the amount of target DNA used, ligation efficiency and strand displacement ability of polymerase.
The strategy described here avoids the tedious process of ssDNA preparation, and it avoids secondary structure formation observed with ssDNA under most conditions; it could also serve as an alternative when conventional dsDNA sequencing is ineffective. In addition to conventional polyacrylamide gel electrophoresis, strand displacement sequencing ladders generated on an immobilized template can be detected by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) where the relatively short ladders are ideal.
